Abstract-This letter presents our design and experimental verification of a wideband dual-circular-polarized antenna operating in the W-band based on an optimized waveguide septum polarizer and a profiled smooth-wall horn. This antenna is capable of transmitting and receiving two orthogonal circular-polarized signals [left-hand circular polarization (LHCP) and right-hand circular polarization (RHCP)] simultaneously to achieve full-duplex, hence, twofold spectrum efficiency for millimeter-wave (mmWave) wireless communications. The fabricated antenna shows 21% relative bandwidth from 76.8 to 94.7 GHz with axial ratio <5.8 dB; the reflection coefficient is below −15 dB and isolation >20 dB for both LHCP and RHCP.
I. INTRODUCTION
M ILLIMETER-WAVE (mmWave) wireless communications has attracted great interest in recent years and is considered as a promising technology that can provide high data rate for wireless links beyond 5G [1] . Over the past few years, much effort has been devoted to improving the transmission distance and the spectrum efficiency for mmWave wireless links [2] , [3] . A demonstration of 54 Gb/s W-band signal transmission over a distance of 2.5 km is reported in [4] , where two pairs of Cassegrain antennas with two orthogonal linear polarizations are used to achieve both high gain and twofold data rate by applying polarization division multiplexing, though there is a risk of polarization mismatch over such a long transmission distance.
Therefore, a dual-circular-polarized (dual-CP) reflector antenna is preferred in mmWave communications. An attractive method to achieve dual circular polarization in microwave bands is based on the stepped septum polarizer that can also work as an orthomode transducer, leading to a compact size [5] , [6] , especially for those dual-CP feed horns [7] . A number of dual-CP antennas are designed based on this septum polarizer in circular waveguides in the X-band [8] and K/Ka-bands [9] , [10] , but their relative bandwidths are around only 9%-13%. In the mmWave band, an antenna based on the septum polarizer at 225 GHz for the radar system is proposed [11] . The isolation of 30 dB is achieved within 10% of the bandwidth, but the aperture efficiency is only 34%. A dual-CP antenna with 40% bandwidth operating in the X-band based on the septum polarizer with a square waveguide has been reported recently in [12] by employing a quad-ridged horn as the radiator. However, the isolation of its polarizer part is only 15 dB. Therefore, we propose to design a dual-CP antenna with wider bandwidth and better isolation for mmWave communications in the W-band. This letter presents our design and experimental verification of a compact feed antenna with dual CP working in the W-band based on a stepped septum polarizer; by applying a smooth-wall horn with an optimized profile and a wideband waveguide transformer, a wide bandwidth with good isolation and a rotationally symmetric radiation pattern is achieved, which enables this antenna to offer full-duplex capability as well as the high gain when it is used together with only one reflector or Cassegrain reflector.
II. ANTENNA DESIGN
The structure of the complete antenna is shown in Fig. 1 See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. generated by the stepped septum polarizer in a square waveguide will propagate through a square-to-circular waveguide transformer into a profiled smooth-wall horn. A pair of waveguide transformers with 90°E-plane bends is used to convert the input ports of the septum polarizer into standard WR10 rectangular waveguides. When port 1 is excited, LHCP will be generated; when port 2 is excited, RHCP will be generated.
A. Stepped Septum Polarizer
The geometry of the septum polarizer with a four-step septum placed in the center of a square waveguide is shown in Fig. 2 . The dimensions of the square waveguide are designed so that only TE 10 and TE 01 modes can propagate through it within the working frequency range, which can be regarded as the vertical and horizontal components of circular polarization. With properly designed dimensions of steps, vertical and horizontal polarization components with same amplitude and ±90°phase shift can be excited to form a CP electromagnetic field. The two rectangular ports of the polarizer are converted into two standard WR-10 rectangular waveguides (2.54 mm × 1.27 mm) by using a pair of 90°E-plane bends and transformers. The dimensions of the septum polarizer are optimized by using Nelder Mead Simplex and Particle Swarm Optimization Algorithm provided by Computer Simulation Technology Microwave Studio (CST MWS) and are listed in Fig. 2 .
B. Smooth-Wall Circular Horn With a Specific Profile
The whole profile of the smooth-wall horn is divided into two sections, as shown in Fig. 3 . A sinusoid profile, which is one of the empirical profiles [13] , is selected for profile of the first section:
where R(z) is the radius and z is the axial distance. The value of p is optimized to be 2.5 to achieve low reflection coefficient over a wide bandwidth and a rotationally symmetric radiation pattern. This section is discretized into seven linear segments for the ease of fabrication. A conical section is cascaded to add a degree of freedom in order to further optimize the overall performance of the antenna. The second section is optimized to follow a linear-tapered circular conical profile with radius changing from 3.72 to 5.625 mm in a length of 9.5 mm.
C. Square-to-Circular Waveguide Transformer
A multisection octagonal waveguide transformer [14] is applied to connect the circular horn and the septum polarizer for ease of fabrication at the high frequency with a wide bandwidth and a compact size. The reflection coefficient of this transformer is optimized to be lower than −30 dB across the entire bandwidth ranging from 75 to 95 GHz.
III. SIMULATION AND MEASUREMENT RESULTS
After the design of the complete antenna is optimized through simulation in CST MWS, a prototype of the proposed antenna is fabricated and measured by using a THz vector network analyzer and an mmWave compact antenna test range (CATR). The fabricated antenna is shown in Fig. 4 .
In the mmWave CATR, a linearly polarized horn in the W-band connected to a motor is installed as a reference antenna, which can be set to an arbitrary angle within 360°along its axis in order to measure the magnitudes of different polarization components of antenna under test (AUT). The AUT and mmWave head was mounted on a readjustable supporting frame, which is designed for this test, to enable the radiation pattern and axial ratio (AR) measurement in 0°(YZ)/45°/90°(XZ) planes, while making sure the axis of AUT is in the same position. The supporting frame was then mounted on a positioner, where the AUT can be rotated horizontally to record the magnitudes with respect to azimuth (θ) for one polarization component.
The simulated and measured reflection coefficients as well as the isolation are illustrated in Fig. 5 . As can be seen from the result, the measured reflection coefficient for both ports 1 and 2 is lower than −15 dB over the bandwidth from 75 to 95 GHz, which agrees well with the simulated result. It can be observed that the measured isolation deteriorates at the edges of the band compared with the simulated result, due to the fabrication imperfection. However, an isolation higher than 20 dB is still met within 76.8-94.7 GHz.
To measure the AR in a desired plane, the angle of reference antenna is set from 0°to 150°with a step of 30°, and for each angle, the AUT is scanned horizontally to record the magnitudes with respect to azimuth (θ) for this polarization component. After that, the polarization components with maximum and minimum magnitudes at θ = 0°are considered as the major and minor axes of the polarization ellipse, and the ratio of the maximum to minimum magnitude defines the AR at the boresight of the AUT. By calculating the difference between these two selected curves, the AR with respect to azimuth (θ) can be obtained. Fig. 6 depicts the simulated and measured AR for both LHCP and RHCP at the boresight, and the inset of Fig. 6 shows an arc of the polarization ellipse measured in YZ plane at 85 GHz as an example, whose polarization angle ranges from 0°to 150°w ith a step of 30°, and major and minor axes appear at 60°a nd 150°, respectively. It can be found that the simulated AR is below 2 dB. However, the measured AR ranges from 2.4 to 5.8 dB, much worse than the simulated results. The cause of this large discrepancy is mostly due to misalignment between the fabricated block halves. The fabricated antenna then has been investigated under a microscope, and the approximate misalignment has been measured to be around 23 μm, which is shown in the inset of Fig. 4 . To verify this, simulations were also conducted by introducing misalignments in the fabrication model deliberately. The dotted lines in Fig. 6 depict the effect of misalignments of 20 and 24 μm on the AR, which agrees better with the measured results and is consistent with the speculation and aforementioned measurement under a microscope.
According to the obtained AR with respect to azimuth (θ), cross-polarization discrimination (XPD) with respect to azimuth (θ) can be derived, and together with the total radiation derived from magnitudes of major and minor axes of the polarization ellipse, the LHCP/RHCP components can be calculated. The normalized radiation patterns in XY, YZ, and 45°planes at 85 GHz for RHCP and LHCP are shown in Figs. 7 and 8 , respectively. It can be observed that there is a good agreement between the measured and simulated results. It can also be found that a good rotational symmetry is achieved, which makes it ideal as a primary feed for reflector antennas. The normalized radiation patterns for LHCP and RHCP in XY, YZ, and 45°planes at 75 and 95 GHz are presented in Figs. 9-12 , which show a good agreement between the simulated and measured results as well as the stable radiation patterns across the band.
The antenna gain over the entire working bandwidth is shown in Fig. 13 . The measured antenna gain is 18.3 ± 2 dBic from 75 to 95 GHz, which agrees with the simulated one; the drop at 75 and 95 GHz is probably due to the deterioration of S 11 at the edges of the band, which can be observed in Fig. 5 . 
IV. CONCLUSION
A wideband horn antenna with dual circular polarization is proposed and investigated in this letter. This antenna is designed based on a stepped septum polarizer and a profiled smooth-wall circular horn. A prototype is fabricated and measured, and the experimental results show that 21% relative bandwidth ranging from 76.8 to 94.7 GHz is achieved with reflection coefficient S 11 < −15 dB and isolation >20 dB as well as AR < 5.8 dB for both LHCP and RHCP. The discrepancy between the simulated and measured AR has been found to be mostly caused by the misalignment of the fabrication. In addition, with rotationally symmetric and stable radiation pattern over the wide bandwidth, it is suitable to be used as a primary feed for reflector antennas, which can offer both high gain and full-duplex capability for mmWave communications.
